We investigated the microbial community that developed at an iron seep where anoxic groundwater containing up to 250 ,uM Fe2+ flowed out of a rock wall and dense, mat-like aggregations of ferric hydroxides formed at the oxic-anoxic interface. In situ analysis with oxygen microelectrodes revealed that the oxygen concentrations in the mat were rarely more than 50% of air saturation and that the oxygen penetration depth was quite variable, ranging from <0.05 cm to several centimeters. The bulk pH of the mat ranged from 7.1 to 7.6. There appeared to be a correlation between the flow rates at different subsites of the mat and the morphotypes of the microorganisms and Fe oxides that developed. In subsites with low flow rates (<2 ml/s), the iron-encrusted sheaths of Leptothrix ochracea predominated. Miniature cores revealed that the top few millimeters of the mat consisted primarily of L. ochracea sheaths, only about 7% of which contained filaments of cells. Deeper in the mat, large particulate oxides developed, which were often heavily colonized by unicellular bacteria that were made visible by staining with acridine orange. Direct cell counts revealed that the number of bacteria increased from approximately 108 to 109 cells per cm3 and the total iron concentration increased from approximately 0.5 to 3 mmol/cm3 with depth in the mat. Primarily because of the growth of L. ochracea, the mat could accrete at rates of up to 3.1 mm/day at these subsites. The iron-encrusted stalks of Gallionella spp. prevailed in localized zones of the same low-flow-rate subsites, usually close to where the source water emanated from the wall. These latter zones had the lowest 02 concentrations (<10% of the ambient concentration), confirming the microaerobic nature of Gallionella spp. In subsites with high flow rates (>6 ml/s) particulate Fe oxides were dominant; direct counts revealed that up to 109 cells of primarily unicellular bacteria per cm3 were associated with these particulate oxides. These zones exhibited little vertical stratification in either the number of cells or iron concentration. Finally, mat samples incubated anaerobically in the presence of acetate or succinate exhibited significant potential for iron reduction, suggesting the possibility that a localized iron cycle could occur within the mat community.
bacteria per cm3 were associated with these particulate oxides. These zones exhibited little vertical stratification in either the number of cells or iron concentration. Finally, mat samples incubated anaerobically in the presence of acetate or succinate exhibited significant potential for iron reduction, suggesting the possibility that a localized iron cycle could occur within the mat community.
When a source of circumneutral-pH, anoxic water that is rich in ferrous iron flows into an oxic zone, it is common for a community of "iron bacteria" to develop at the oxic-anoxic interface and to precipitate ocherous masses of iron hydroxides. These iron seeps are most commonly associated with freshwater wetlands or bogs; however, they may also occur in more-diverse habitats ranging from marine (23) and freshwater (5) hydrothermal vents to the water distribution pipes used for municipal water supplies (34) . For a recent review of habitats where microbial interaction with iron and manganese occurs at neutral pH see reference 10 .
The bacteria associated with such sites are enigmatic microorganisms because they are difficult to obtain in axenic culture (21, 28, 37) . Fortunately, as a result of their copious deposition of Fe oxides, some of them form distinctive metallic casts and can be recognized by their morphotypes in natural samples. Two of the most ubiquitous and unusual morphotypes are those of Gallionella spp. and Leptothrix ochracea. Gallionella spp., which have been obtained in purified cultures, form helical stalks composed primarily of iron oxide with beanshaped cells attached at the termini (15) . L. ochracea, one of the most common inhabitants of iron seeps, has not been obtained in pure culture but produces large quantities of condensed ferric iron-encrusted sheaths that appear to be refractile when they are examined with a phase-contrast microscope (37) ; the sheaths tend to be largely devoid of cells. Sphaerotilus natans and Leptothrix discophora are heterotrophic, sheathed bacteria that have been obtained in axenic cultures and accumulate iron and ferromanganic oxides, respectively, on their sheaths (9) . Workers have also described a number of unicellular bacteria that form capsular layers that become encrusted with iron oxides. Most of these genera are classified in the family Siderocapsaceae (16, 18) ; however, because of the variability in the appearance of the members of these genera and the limited availability of pure cultures, the taxonomic status of these organisms is even more uncertain than the taxonomic status of the stalked and sheathed bacteria.
Although it has been known since the work of Ehrenberg, which was published in 1836 (6) , that morphologically distinct microbes may be associated with the deposition of bog iron ore, modern microbiologists have made few systematic attempts to characterize the microbial communities that exist at sites where active iron oxidation and deposition occur at neutral pH. Geochemists have been interested in these sites for a long time as models for understanding the biogeochemical processes that lead to iron or manganese ore deposition. The classic work of Harder (17) , a geologist, is still one of the best accounts of the microbiology of these environments. Soil scientists and water distribution experts have initiated studies aimed at identifying the causative agents of biofouling in water distribution pipes (34) and field drains (20) . Investigators interested in the early evolution of life and the Earth's atmosphere have studied the fossilized remains of bacteria akin to modern day iron bacteria for hints about the biogeochemistry of the early Earth (19) . The quantitative data from most of these reports have focused on the geochemistry and/or age of the Fe oxides, while microbial studies have been primarily phenomenological, describing some of the important morphotypes of the microorganisms present. As a result, very little is known about the fine community structure, the numbers or diversity of the iron bacteria present, and, perhaps most important, the specific role that these organisms play in iron oxidation.
In this report we describe a systematic study of the microbial community at a freshwater iron seep in Denmark. Because of the topology and resultant water flow regimens of this site, the bacteria that inhabit it grow in dense layers that resemble a microbial mat. As a result, it was possible to investigate the community structure and diversity of the characteristic morphotypes of the iron bacteria present, as well as assess the population dynamics of the organisms over the 10 months of this study.
MATERIALS AND METHODS
Site description. The iron seep which we studied was located in the Marselisborg Forest in Aarhus, Denmark (56°N, 10°E). The site consisted of a stone wall (height, 2 m; width, 3 m) built into the bank of a small stream (Fig. 1A) . In the middle of the wall was a cement fountain cast in the shape of a lion's head; a metal pipe (diameter, 1.5 (2, 4) . The alkalinity of the water was determined by Gran titration (36) .
Core sampling of the mat. Miniature core barrels were made by heating Pasteur pipettes at their shoulders in a propane flame and gently drawing them out to form a tube that, when cut, had a straight barrel that was 15 to 20 mm long and 2.0 to 2.5 mm wide; the wall thickness was 0.2 to 0.3 mm. These core barrels were inserted into the mat by hand and then carefully withdrawn to extract cores up to 10 mm thick. The coring end was sealed with a small plug of modeling clay, and the cores were transported to the laboratory. While being viewed under a stereomicroscope, the cores were extruded onto a microscope slide by gently applying air pressure to the open end of the coring tube. Following extrusion, the intact cores were sectioned with a scalpel at 1-mm intervals. Each section was placed in an Eppendorf tube containing 0.5 ml of deionized water, vortexed, and subsampled to determine acridine orange direct counts of the total number of cells (see below). The remaining sample was stored at -20°C until the total Fe content was determined (see below).
Acridine orange direct counts. A modification of the procedure described by Adams and Ghiorse (1) was used to determine direct counts of bacteria. Acid-washed glass microscope slides were coated on one side with 1% agarose and dried, and then two 1.2-cm-diameter circles were inscribed on each slide with a felt tip pen. The diluted mat sections were vortexed for 30 s, and 10-,u subsamples were spread evenly within the circles and allowed to air dry. A 9-RI portion of deionized water and 1 RI of acridine orange (0.01%, wt/vol) were added directly to each smear, the preparation was mixed, and a coverslip was applied. Counting was done by using the x 100 objective of a Zeiss epifluorescence microscope. Only cellshaped fluorescent particles were counted; most of these particles were associated either with larger particles of iron hydroxides or with the sheath or stalk material. At least 15 fields per smear were counted, and two smears per core section were examined.
Percentage of ensheathed L. ochracea cells. The top 2 mm from a core containing fresh L. ochracea sheaths was diluted, such that it was possible to easily distinguish and track individual sheaths when the diluent was spread on a microscope slide. The samples were stained with acridine orange, and random fields containing sheaths were photographed, first under phase-contrast illumination and then under epifluorescent illumination. The resulting prints were used to determine the total length of the sheaths in 24 separate light micrographs (24 microscopic fields) and the total length of fluorescent filaments of cells in the same set of epifluorescent images; dividing the latter number by the former yielded the percentage of sheaths occupied by filaments of cells.
Fe and Mn analysis. The Fe2" concentration in the pore water of the mat was determined in the field by a method similar to that described by S0rensen (32) . Water samples were collected with a syringe (5 or 10 ml) and expelled through a 0.22-,um-pore-size syringe filter (Anotec, Banbury, England) into a test tube. A subsample of the filtrate was removed immediately with a pipette and added to a known volume of The arrow indicates the water source. At this subsite the water flowed at a high rate (>6 ml/s) over the surface of the mat, and the depth of the mat was never more than 2 cm. (C) Close-up view of the small seep. The arrow indicates the water source. At this subsite the water trickled slowly and was almost always entrained within the mat. At the time that this photograph was taken, the mat was 7 to 8 cm deep at the midpoint. Note the streaks of greenish oxides within the mat.
ferrozine (36) . The samples were returned to the laboratory, and the A562 values were determined.
To determine the total Fe content of a core sample, a 50-,u subsample was removed from the diluted core section and placed in 10 ml of a solution containing 0.25 M hydroxylamine and 0.25 M HCI for 1 to 1.5 h in the dark to reduce all of the Fe oxides. A subsample of this material was then diluted into ferrozine, and the absorbance was determined. To determine the free Mn2+ concentration, water samples were removed from the bowl, filtered through a 0.22-,um-pore-size filter, and then assayed directly with a flame atomic absorption spectrophotometer (model 370A; Perkin-Elmer). To determine the total Mn concentrations in core samples of the mat, core sections were diluted and reduced with hydroxylamine as described above and then analyzed with the atomic absorption spectrophotometer.
X-ray diffraction studies. Samples of mat material were collected from the small seep and the bowl and mixed together.
A 2-to 3-g (wet weight) portion of the mixture was dried in a desiccator at 21°C for 36 h. An X-ray diffraction analysis was performed at the Geological Institute, University of Aarhus, with a Philips camera, using Cu K-alpha radiation.
Mat accretion rates. The depth of the mat at different subsites was determined at approximately 2-to 3-week intervals by inserting the measuring rod of a caliper into the mat and reading the distance (to the nearest 0.1 mm) when the caliper body just touched the mat surface. An average of three measurements close to each other at each site was used to determine the depth at that site.
Oxygen profiles. Oxygen penetration into the mat was determined in situ with modified Clark-type oxygen microelectrodes containing guard cathodes (29) . The microelectrodes had tip diameters of 5 to 10,um, 90% response times of <2 s, and stirring sensitivities of <2%. The microelectrodes were fitted with an external glass casing that contained silica gel to prevent short circuiting due to moisture buildup in the field (30) . The microelectrodes were positioned in the mat with a micromanipulator that was attached to a weighted stand to provide stability. The microelectrodes were first calibrated in the laboratory and then taken to the field, set up, and allowed to polarize for at least 0.5 h prior to use. Calibration in the field was accomplished by using water from a small nearby waterfall to obtain an oxygen-saturated water value; the electrode was then placed in an anoxic section of the mat to obtain the anoxic background current. AR current readings were obtained with a battery-operated picoammeter.
Fe reduction. Iron reduction experiments were performed by using a modification of the method described by Lovley and Phillips (25) . Samples (several cubic centimeters) of mat material were collected from the left seep and the beard. The excess water was poured off from each sample, extraneous leaves and twigs were removed, and the material was homogenized to a fine paste with a spatula. The resulting material was washed twice with deionized water by centrifugation before being resuspended to its original volume in deionized water. Aliquots (1 g) of the suspension were placed in 100-ml sterile serum vials containing 25 ml of a mineral salts medium (25) supplemented with vitamins (33 Denmark, and as a result the pH of the bulk mat was slightly alkaline, ranging from pH 7.1 to 7.6. In total, these data suggest that the Marselisborg site was supplied with anoxic groundwater rich in Fe(II).
Not surprisingly, a large fraction of the mat was inorganic matter (83% ± 7% of the dry weight averaged over the entire site), and 55% ± 5% of the inorganic material could be recovered as total iron. The X-ray diffraction patterns of the mixed Fe hydroxides collected from the mat revealed no evidence of any crystalline oxides, suggesting that the dominant structural form was amorphous FeOOH. The hydroxides were rapidly reduced by treatment with hydroxylamine or oxalic acid, further suggesting that they were amorphous in nature (3) . Close visual inspection of the mat revealed that the subsites with low flow rates were often streaked with veins of a greenish color characteristic of green rusts (Fig. 1C) , which result from partial oxidation of Fe(II) under alkaline conditions (32) . Subsequent microscopic observations (see below) revealed no qualitative differences in the microbial populations in the green rust zones and the surrounding mat.
Spatial distribution of organisms and Fe oxides. To the naked eye, the texture of the Marselisborg mat appeared to be quite uniform at the different subsites (Fig. 1) . Examination of mat material under a microscope, however, revealed significant differences in the appearance of the Fe hydroxides. Furthermore, cursory examination of mat samples by light microscopy revealed an environment nearly devoid of microorganisms; however, when samples were prestained with acridine orange and viewed by epifluorescence microscopy, it was evident that large populations of microorganisms, primarily bacteria, were associated with the Fe oxides (Fig. 2) .
Miniature coring profiles revealed both the horizontal fine structure and the vertical fine structure of the mat community. There were three different oxide morphotypes associated with the Marselisborg site: sheaths, stalks, and particulate oxides (Fig. 2) . Sheath-bound oxides were almost entirely associated with L. ochracea type sheaths (Fig. 2, L . ochracea panel), and these structures were predominant at subsites with low flow rates (the lion's beard, the bowl, the small seep) and occurred sporadically in the right seep. Stalk-associated oxides, characteristic of Gallionella spp. (Fig. 2 , Gallionella spp. panel), were found at the same sites, but only in very localized zones, usually near where the source water emanated from the wall. Particulate oxides (Fig. 2, the iron concentration significantly increased with depth in these zones (Fig. 3A) .
In regions where Gallionella stalks prevailed a similar, although less striking, trend was observed. The top 1 to 2 mm of the mat contained predominantly fresh (i.e., not heavily encrusted) stalk material along with some particulate oxides (Fig. 2, Gallionella spp. panel) . Gallionella-type cells were occasionally seen at the apical ends of the stalks; however, the great majority of cells were associated with the particulate oxides or old stalk material and presumably were not Gallionella cells. Deeper in these cores the stalks themselves became heavily encrusted with Fe oxide, and particulate oxides were more abundant and increased in size. At depth, all of the cells were either attached to the old stalk material or associated with the particulate oxides. At these sites there appeared to be a trend toward an increase in the number of cells and Fe concentration in the top 2 to 3 mm of the mat (Fig. 3B) .
In the left seep and some regions of the right seep, particulate oxides were dominant (Fig. 2, particulate oxides panel) , and remnants of L. ochracea sheaths or Gallionella stalks were rare. In these zones, the particulate oxides were uniformly distributed throughout the layer, although the size of the individual particles appeared to increase with depth (data not shown). Again, most of the cells were unicellular and associated with these oxides. Unlike the sites containing either sheaths or stalks, the number of cells and Fe concentration remained quite constant with depth in these cores (Fig. 3C) .
Oxygen profiles. Oxygen profiles measured in situ revealed that penetration of oxygen into the mat at different sites varied considerably (Fig. 4) . In some cases oxygen appeared to be totally depleted within 300 to 400 ,im of the mat surface, while in other regions (e.g., the bowl) total depletion of oxygen could not be measured. The oxygen concentrations within 1 to 2 cm of where source water entered the mat were generally lower than the 02 concentrations in regions downstream (data not shown). Three separate sets of oxygen profiles measured at different times were correlated with regions where Gallionella spp. were dominant, and these had the lowest 02 penetration depths of any of the profiles measured. Two examples of such 02 profiles from Gallionella zones found in the right seep are shown in Fig. 4B and C; in these profiles the 02 concentrations decreased to below 25 jiM, which was less than 10% of the ambient concentration within the top 1 mm of the mat. In contrast, in zones where L. ochracea was actively growing, the 02 concentrations could approach 50% (130 ,uM) of the ambient concentration (Fig. 4) . In the left seep, where particulate oxides predominated (Fig. 4C) , the 02 concentrations were between 20 and 30% of the ambient concentration. Because of the flow-induced turbulent mixing of anoxic source water with air-saturated water at the surface of the mat, oxygen fluxes could not be calculated from these profiles; however, such profiles are illustrative of the variable oxygen dynamics that existed.
Accretion. Both accretion rate and accretion depth varied within different subsites of the mat (Fig. 5) . In regions where there was low flow volume and where source water percolated through the mat (e.g., the lion's beard, the bowl, and the small seep), accretion could be extraordinarily rapid; the highest rate measured, 3.1 mm per day, occurred in the lion's beard in August (Fig. SA) . A rate of 2 mm per day was measured during one period in February in the small seep (data not shown). Human intervention often caused nearly complete removal of the mat from the wall (Fig. 5A ) and the bowl; however, it always grew back again, although there could be lag periods of 2 to 4 weeks before reestablishment began. When nature was allowed to take its course at the vertical sites with low flow rates (the beard and the small seep), the mat accreted to a depth of several centimeters before gravity prevailed and the bulk of the mat sloughed off. At the high-flow-rate sites, the mat accreted more slowly, and it never reached a depth of more than 20 mm in the right seep (Fig. 5B ) and 15 mm in the left seep. This was probably due to the mechanical shear caused by the high water flow rates at these subsites.
Accretion of the mat appeared to require a flow of iron-rich water. In a section of the small seep where the water flow was terminated because of topological changes in the mat, accretion stopped and the mat shrank slowly over a 1-month period. During the same period, the adjacent mat, which received water flow, accreted over 1 cm (data not shown).
Fe reduction. Samples of mat material incubated anaerobically with acetate or succinate exhibited appreciable rates of reduction of the native oxides, indicating that there was a population of Fe3"-reducing bacteria in the mat (Fig. 6 ).
When a magnet was placed on a serum bottle in which reduction had occurred, no magnetic particles were attracted to it. This suggested that magnetite was not a product of the reduction, which may have reflected the form of the naturally occurring amorphous oxides. Samples that were heat sterilized before carbon sources were added exhibited little or no reduction (Fig. 6) , and samples that were not amended with a carbon source or that contained a carbon source but were incubated aerobically also did not exhibit reduction (data not shown).
DISCUSSION
The Marselisborg site offered an unusual opportunity to study an environment dominated by iron bacteria at near neutral pH. Often iron seeps are found in streams or wetlands where the bacteria grow as relatively diffuse flocs in slowly flowing water containing Fe(II). Because these flocs lack density, disperse easily, and are subjected to mixing, it is often difficult to assess their population dynamics or heterogeneity. by the ferrozine assay. Each point is the mean of three determinations; the error bars indicate ± 1 standard deviation from the mean. Heatsterilized controls containing acetate (*) or succinate (A) were also included in the experiment.
Marselisborg site, the Fe oxides and the bacteria associated with them occurred in dense aggregations that could be sampled nearly intact so that natural stratification of the population could be studied in detail. Two striking features of this mat were (i) the tremendous masses of ocherous deposits that developed in short time periods and (ii) the fact most of the bacteria (up to 109 cells per cm3) appeared to be tightly associated with the Fe oxides and were visible only when they were stained with acridine orange and viewed by epifluorescence microscopy.
The flow rate of Fe2 -rich water appeared to be a key determinant of the oxide morphotype, the type of cell population, and the accretion rate in a given region of the Marselisborg mat. To summarize, in sites where the water flowed actively over the surface of the mat at a high rate (e.g., the left seep), net accretion was slow and particulate oxides that had unicellular microbes associated with them were predominant; there was little vertical stratification of cells or Fe. The sites where most of the water flow was entrained in the mat (e.g., the beard and the small seep) had the most rapid net accretion rates. These These results indicate that Mn oxidation occurred in the mat and that ferromanganic oxides probably were present in significant amounts; however, more work is needed to clarify the role of Mn and its interaction with Fe within the mat.
L. ochracea appeared to be a key mat-building organism, since it was commonly associated with the most rapidly accreting parts of the mat in the subsites with low flow rates. On the basis of our results, a model for accretion of the mat by L. ochracea can be postulated. Presumably, L. ochracea cells attach to substrata on the rock wall and begin growing out from the surface. As the cells grow, they maintain their most active growth zone at the top of the mat in the presence of the highest concentrations of Fe2`and 02 and leave behind a copious matrix of vacated, tubular sheath material coated with finegrain Fe oxides. Immediately below this growth zone, the vacated sheaths appear to serve as a substrate for further iron oxidation and become more heavily encrusted with Fe oxides. The exterior surfaces of these aged, empty sheaths also serve as attachment sites for unicellular bacteria, which in turn also become encrusted with Fe oxides. In these deeper regions, particulate Fe oxides also begin to form, and these oxides may harbor high densities of unicellular bacteria. These particles are often associated with empty sheaths, but whether the sheaths actually serve as nucleation centers for their formation is not known. As the mat matrix grows outward, it begins to entrain more water in the mat. The flow path of the water entrained in the mat has greater tortuosity, which results in a decrease in the water velocity. A reduction in velocity results in a decrease in the drag forces on the sheath filaments created by the flowing water, which allows the cell filaments to grow longer without being sheared off. Ultimately, this habitat modification provides a more hospitable environment for the growth and further accretion of filamentous bacteria and ultimately for accumulation of unicellular bacteria on the empty sheaths and particulate oxides that develop deeper in the mat.
The presence of Gallionella stalks was sporadic and very localized in the regions where L. ochracea grew; however, where stalks were abundant, it appeared that they formed the dominant substratum of the mat. In numerous samples members of these two genera were never observed to coexist in the top 2 mm of the mat, where most of the viable cells of these organisms were observed. In one case, samples taken less than 1 cm apart in the small seep were completely distinct with respect to the two morphotypes. Occasionally, in deeper cores a zone that was dominated by L. ochracea on the surface had significant numbers of stalks (devoid of apical cells) at depth, suggesting that at some time Gallionella spp. may have dominated at the same location. However, a note of caution concerning the presence of Gallionella spp. in the mat is necessary; recent studies have shown that under some conditions Gallionella ferruginea may not form stalks and grows unicellularly (12, 14) . In such cases it would be difficult to distinguish G. ferruginea from the numerically dominant nonappendaged unicellular bacteria found in the mat (see below). In addition, the vortexing necessary to disperse the cells for counting may have caused some separation of apical cells from the stalks. Phylogenetic probes could provide an excellent tool for resolving these dilemmas.
Although the occurrence of Gallionella spp. was sporadic, when Gallionella cells were found, they were usually within a VOL. 60, 1994 on October 20, 2017 by guest http://aem.asm.org/ Downloaded from few centimeters of locations where water was emanating from the wall. As oxygen microelectrode studies showed, these areas were also the areas where the oxygen concentrations were lowest (<10% of the ambient concentration). These results suggest that oxygen might be an important factor controlling which of the two organisms (Gallionella spp. or L. ochracea) colonizes a specific region of the mat, although the possibility that there are additional unknown nutritional factors cannot be ruled out. Laboratory cultures of Gallionella spp. have shown that these organisms are microaerophiles that normally grow at oxygen concentrations that are equivalent to less than 1% of the ambient saturation (15) . On the other hand, it has been speculated that L. ochracea also prefers to grow in the presence of very low oxygen tensions (27) . However, our microelectrode studies revealed that L. ochracea was often found in more oxygenated regions of the mat; for example, large blooms of L. ochracea were common in the bowl, where the oxygen concentrations approached 50% of air saturation. Thus, L. ochracea is probably not a true microaerophile.
The role of the numerically dominant unicellular bacteria associated with the particulate oxides is intriguing. Without obtaining axenic cultures and/or using phylogenetic probes for the dominant members of the unicellular consortia, it is not possible to determine the diversity of this population, nor is it possible to determine whether the unicellular bacteria found in low-and high-flow-rate subsites are the same. Light microscopy revealed that these particle-associated microbes had a variety of morphotypes, suggesting that they probably are members of diverse taxa. In any case, these unicellular microbes may be similar to members of the family Siderocapsaceae. These poorly characterized organisms are phenotypically defined as organisms that produce Fe-encrusted capsules (16, 18) . The dense aggregates which the particulate oxides formed probably offered them an advantage in resisting the drag and shearing forces of the water flowing over the wall, especially in vertical subsites with high flow rates.
The close physical association of the bacteria and the Fe oxides, the correlation between increases in iron concentration and increases in the number of cells, and the dependence for accretion of the mat on the Fe2+-rich water suggest that the bacteria actively mediate the oxidation of iron, if they do not use it directly as an electron donor. For a long time G. ferruginea has been considered a lithotroph (17) , although this contention has been based largely on circumstantial evidence (22) . Recent data, however, suggest that G. ferruginea is capable of autotrophic growth by using Fe2+ as an energy source (13, 14) . The case for lithotrophic growth of L. ochracea is even more equivocal, since purified cultures of this organism are not available. Perhaps the most interesting question in this regard concerns the role of the numerically dominant, unicellular bacteria associated with the particulate oxides and whether they mediate the oxidation of Fe(II) to Fe(III) and couple it to energy production.
Laboratory studies carried out with samples from the mat showed that microbes from the mat were responsible for up to 80% of the Fe oxidation; furthermore, this process was inhibited by azide (8) . Since these experiments were carried out with natural enrichment cultures, it was not possible to determine specifically which morphological type(s) of organisms was responsible, although unicellular microbes, not L. ochracea and Gallionella spp., were numerically dominant. An alternative explanation, however, is that the bacteria are simply entrapped in the oxide matrix. It has been shown that amorphous Fe oxides can act as an efficient ion-exchange matrix to bind microbial cells (26) . In this passive oxidation scenario, lipopolysaccharides or anionic capsular layers on the cell surface could bind additional Fe2", which would then chemically oxidize and encapsulate the bacteria in an iron oxide matrix. Of course, it is quite possible that active and passive iron oxidation processes occur simultaneously in the mat.
Interestingly, other well-known iron bacteria, such as S. natans and L. discophora, did not appear to be common inhabitants at the Marselisborg site. It may not be surprising that S. natans was not present since this organism is known to prefer eutrophic habitats (9); however, L. discophora is commonly found in low-nutrient environments. The characteristic fluffy sheaths of L. discophora were rarely seen in numerous observations by light microscopy, and enrichment (7) for this organism did not yield any isolates. Apparently this heterotrophic Mn-and Fe-oxidizing bacterium was not able to compete under the conditions that existed at the Marselisborg site. In addition, representatives of the heterotrophic budding bacteria, such as Pedomicrobium and Hyphomicrobium species, which are known to produce Fe-encrusted capsules (11), were not commonly observed to be a part of the microbial community.
The potential rates of Fe reduction which we observed in the mat are among the highest rates reported for an unenriched, natural population (24) . This is probably due to two factors: (i) a significant population of microbes with the metabolic capacity to reduce iron must exist in the mat, and (ii) the amorphous oxides formed within the mat are ideal substrates for Fereducing bacteria. These results suggest that if a suitable electron donor (e.g., acetate) is present, dissimilatory iron reduction could occur in anoxic zones of the mat. The Fe2+ released could be oxidized by the bacteria in the upper, aerobic regions of the mat, thereby creating a localized iron cycle within the mat itself.
